Abstract
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uncertain (Przybylak, 2011; . Natural paleoclimate records with high (interannual 
94
and their abundance and good preservation in lake sediments (Smol, 1995) . Although water chemistry 95 is known to be one of the major factors controlling chrysophyte distribution (e.g. Cumming et al., 1992;  Zeeb and Smol, 1995) , other studies have shown that temperature is 98 also an influential factor. Cronberg (1973 Cronberg ( , 1980 reported blooms of chrysophytes beneath winter ice 99 in Scandinavian lakes and observed some species only producing cysts after a specific temperature 100 threshold was crossed. This suggests that some cysts forms may be useful paleoecological indicators 101 of winter temperatures.
102
Quantitative methods relating chrysophyte assemblages and air/water temperature during 
121
Although chrysophytes have been tested in high-altitude areas, the potential of these 122 organisms as proxies of cold-season temperatures has been rarely explored in low-altitude regions. 
125
indicated that chysopyhtes may be used as supplement to other paleotemperature reconstructions. In 126 the absence of temperature gradients with elevation (e.g. training sets in mountains), sampling along 127 very large geographic areas is required in order to cover a significant thermal gradient in space
128
(latitude or longitude). Poland is a good candidate to implement this kind of training set design 129 because it is relatively flat (only 1% of the Polish area is above 1000 m), has a high portion of land 130 covered by many lakes (Jańczak et al., 1996) and there is a significant longitudinal thermal gradient 131 (Lorenc, 2005 
148
The 50 training set lakes (Fig. 1A) were chosen among more than 2900 low-land lakes of 149 northern Poland (Jańczak et al., 1996) , covering a broad range of morphological, physical, and 
152
November 2012. After one year of exposure, only 37 sediment traps and thermistors were found. The 153 distribution of these lakes is along a longitudinal gradient that is related to an E-W winter temperature 154 gradient of ~4°C during the year of exposure between October 2011 and November 2012 (Fig. 1A) .
155
The spatial extension of the study area is large (52º31'-54º19' N, 14º37'-22º53'E), covering more than 156 700 km from the westernmost to the easternmost lake. Training set lakes are generally small (<20 ha), 157 below 260 m.a.s.l., between 6 and 44 m deep and slightly alkaline (pH ranging from 6.5 to 9), with 158 moderate agricultural activity and/or forestry in the catchments. Additional limnological and geographic 159 characteristics are summarised in Table 1 .
160
Sediment traps consisted of PVC-liners with a length of 80 cm and a diameter of 9 cm, 2 tubes 161 per trap (Bloesch and Burns, 1980) 
173
It is difficult to determine freeze and ice break-up dates with thermistors due to the complexity
174
of the freezing and thawing process (Gabathuler, 1999; Kamenik and Schmidt, 2005 
220
The regular succession of two types of laminae along the sediment core is interpreted to 221 reflect seasonal variations in the sedimentation environment (Zolitschka, 2007) 
.
228
The calendar-year chronology was established by performing microscopic analyses of thin
229
sections and varve counting. The preparation for thin section analysis followed the procedure of Lotter 
303
The PCA of the environmental data determined two major gradients related to the two first 
310
This is also an ecological gradient (E-W) across northern Poland (Fig. 1A) .
12
Of the 129 taxa encountered in the 37-lake training set, 63 fulfilled the criteria to be included in 312 the numerical analyses. The gradient length of the first axes was 1.7 standard deviation (SD) units,
313
indicating that numerical methods based on a linear response model are most appropriate (Birks, 314 1995) . RDA was performed on the biological and environmental dataset (Fig. 2B ). The PCA ( Fig. 2A absolute residuals (observed -predicted DB4°C) higher than the SD of 7.6 days, and low Cook's D.
347
The residuals (Fig. 3B) show a slight trend with observed DB4°C, indicating an overestimation at sites 348 with low DB4°C and an underestimation at sites with high DB4°C.
350
3.3. Ordination of fossil cyst assemblages
351
An ordination was carried out on the entire cyst assemblage dataset (Fig. 4) . 
377
The range of DB4ºC values in the calibration dataset covers the range of the reconstruction 378 (Fig. 4) , ensuring that no linear extrapolation was required for the reconstruction period. Results of 
391
DB4°C was chosen because it showed the highest λ 1 /λ 2 ratio and explains a higher proportion of 392 variance independently than other variables included in the training set; and it is of climate interest.
393
Modern data show that there is no strong correlation between DB4°C and water chemistry ( Fig. 2A) 
394
and a proportion of the variance of the modern chrysophyte cyst assemblage is explained by DB4°C
395
independently of the other most imporant variable (conductivity) (Fig. 2B) 
439
An ordination was carried out on the entire cyst assemblage dataset (Fig. 5) 
460
and is not related to anthropogenic changes ( Fig. 5A-B) .
462
4.4. Regional comparison of temperature variability
463
Although cold-season records are scarce in this region, we have compared our reconstruction 464 with other records that are related to winter climate in the Baltic and across Europe (Fig. 6 ). Since our 465 reconstruction is based on 5-yr running means, the main strength of the cold season temperature 466 time-series from Lake Żabińskie (Fig. 6F ) is in the decadal to multi-centennial spectral range. 
492
Interesting are the differences in the 16 th century, i.e. at the beginning of the Spörer Minimum:
493
while the Baltic ice winter severity index (Fig. 6B) , the indices for the Low Countries ( Fig. 6C) 
508
While the major features of Polish winter climate seem to be reproducible and spatially 509 consistent, major uncertainties and inconsistencies remain in the details. This is partly attributable to 510 reconstruction uncertainties but also, likely to a large degree, attributable to the diversity of the proxies 511 used for comparison here. Our DB4°C reconstruction is sensitive to the length of the winter while other 512 reconstructions are more sensitive to low temperatures, which is not the same in terms of climate.
513
Therefore, it is unclear whether or not a better match among the different records should be expected. 
584
Poland during the past millennium is minimal. This is in line with recent findings for the northern
585
Hemisphere by Schurer et al. (2014) .
586
In the Northern Hemisphere, extratropical volcanic eruptions lead often to positive NAO, and 587 winter warming in the European sector is likely, but rather a probabilistic than a deterministic feature 
618
Ordination analyses demonstrated that relationships between chrysophyte assemblages and DB4°C
619
are statistically significant and independent of morphological (area, depth) and chemical (conductivity, 
623
The application of the transfer function to an annually varved sediment core from Lake 
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